The pyrazolones, an important class of heterocyclic compounds, are prevalent in a wide range of bioactive compounds with pharmaceutical and agricultural activities. [1] [2] [3] [4] [5] 4-Iodopyrazole-3-ols could open the way to a quick access to many pyrazolone analogues. However, iodination is usually difficult owing to the low electrophilicity of iodide. Extensive efforts have been devoted to iodination of pyrazole derivatives; however, there are only a few existing methods, all of which have limitations. Using iodine-ammonium hydroxide gives mixtures of di-and tri-iodopyrazoles. 6 The iodine-iodide (I 2 , KI), 7 N-iodosuccinimide 8 and iodine monochloride (ICl) 9 methods suffer from problems of atom economy or limited substrate scope or are too expensive for large-scale use. Oxidation systems such as the I 2 -CAN, 10 (n-BuPPh 3 ) 2 S 2 O 8 -I 2 , 11 n-BuLi/I 2 , 12 NaClO 2 /NaI/HCl 13 and I 2 -HIO 3 14 are not practical on large scales due to the use of expensive oxidants or toxic heavy metals. From a 'green' chemistry perspective, hydrogen peroxide is an excellent example of an environmentally benign chemical oxidant. Iodination with I 2 /H 2 O 2 in water is a green procedure for the 4-iodination of pyrazoles, but it also uses pyrazoles as starting materials. 15 Existing methods (Scheme 1) for the synthesis of 4-iodopyrazol-3-ols have the following one or more drawbacks: (1) many by-products, which results in lower yields and difficult separation of products; (2) use of large quantities of FeCl 3 , leading to large amounts of iron waste; (3) problems of atom economy, which are not ideal for large-scale production. 16, 17 Here we report a facile one-pot, metal-free and iodine-atomeconomic synthetic protocol for the preparation of a series of new 4-iodopyrazole-3-ols from inexpensive and easily available pyrazolidin-3-ones using only 2 equiv. of H 2 O 2 , 1 equiv. of NaI and a catalytic amount of H 2 SO 4 .
Results and discussion
Intermediates pyrazolidin-3-ones (2a-o) were prepared via addition-cyclisation reaction of commercially available substituted phenyl hydrazine hydrochlorides (1a-o) and α,β-unsaturated acid esters as previously described with slight modification (Scheme 2). 18 Their structures were confirmed and characterised by 1 H NMR, IR and mass spectroscopy. Among these pyrazolidin-3-ones, 1-(4-chlorophenyl) pyrazolidin-3-one (2a) was chosen as trial substrate (Table 1) into 1-(4-chlorophenyl)-1,2-dihydropyrazol-3-one within 5 min at 25 °C, which was much quicker than only using hydrogen peroxide and H 2 SO 4 as oxidant (for 6 h). Therefore, the oxidation took place much more quickly in the presence of a catalytic amount of NaI. The actual oxidant appeared to be I 2 and hydrogen peroxide served to regenerate iodine from HI. 19, 20 The reaction worked well for a wide range of pyrazolidin-3-ones 2a-o. Both di-and monosubstitution on the pyrazolidine ring and electron-donating (methyl) and -withdrawing (fluoro, chloro, bromo) groups on the phenyl ring were quantitatively transformed to the corresponding 4-iodination products as the sole isolable products, which afforded the target products 3a-o in 79-91% yield (Scheme 3). The structures of 3a-o were deduced by IR, 1 H NMR and mass spectrometry. The mass spectrum of compound 3a showed a M + 1 peak at 321.6, which confirmed its molecular weight. The 1 H NMR spectrum of 3a in DMSO-d 6 exhibited a singlet at δ 8.47 ppm, which indicated that iodination took place at the 4-position of the pyrazole ring instead of other positions in the heterocycle and the benzyl group. The infrared spectra of 3a showed an absorption peak for a hydroxy group at 3450 cm −1 . According to a previous report, a plausible reaction mechanism was proposed (Scheme 4). 19, 20 First, HI first reacted with H 2 O 2 to form a radical I·. Subsequently, the generated I· radical trapped a hydrogen from the α-position of 2a-o to generate HI and the corresponding radical intermediate I.
Then the resultant radical intermediate I reacted with I 2 to give the pyrazolone (II) and HI. Afterwards, II reacted with I· to generate HI and the corresponding radical intermediate III. Finally, the reaction proceeded to convert III to the final products 3a-o.
Conclusion
A series of new 1-aryl-substituted 4-iodopyrazole-3-ols have been synthesised directly from cheap and easily available pyrazolidin-3-ones in good to excellent yields with short reaction time, using only 1 equiv. of sodium iodide, 2 equiv. of hydrogen peroxide and a catalytic amount of sulfuric acid.
This green procedure was transition metal free. Hydrogen peroxide served to regenerate iodine from HI, and very high atom economy was achieved.
Experimental
Commercially available reagents and solvents were used as received. All reactions were monitored by thin layer chromatography (TLC). Visualisation was achieved with shortwave UV light. High-performance liquid chromatography (HPLC) was performed with a LC100-type chromatograph (column: Hedera ODS-2; mobile phase: methanol/ ultrapure water/phosphoric acid, 30:70:3; flow: 1 mL min −1 ). 1 H NMR (600 MHz) spectra were recorded on Bruker spectrometer using tetramethylsilane (TMS) as an internal standard and DMSO-d 6 or CDCl 3 as a solvent. MS were performed using electrospray ionisation (ESI) with WATERS UPLC IClass-SQD2. Elemental analyses were performed with a Flash EA-1112 elemental analyser. The IR spectra were recorded on an Avatar 360 FTIR spectrometer. Melting points were recorded on a Mel-temp instrument and are uncorrected. (2a-o) ; general procedure Substituted phenyl hydrazine hydrochloride (0.02 mol) was added to a mixture of sodium methoxide (0.05 mol), anhydrous methanol (6 mL) and toluene (21 mL). Then, a solution of the α,β-unsaturated acid esters (0.06 mol) in anhydrous methanol (6 mL) was added dropwise at 30-35 °C for 0.5 h, after which the mixture was refluxed until the starting material was completely consumed as judged by TLC. After reaction completion, the mixture was evaporated under reduced pressure. Water (20 mL) was added to the residue and the pH was adjusted to 6.5. The solvent was cooled to 1 °C, allowed to stand and filtered. The solid was recrystallised from ethyl acetate to give compounds 2a-o. 7.04-6.89 (m, 2H), 3.92 (t, J = 7.9 Hz, 2H), 2.58 (t, J = 7. 
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